Coronary vessels have /? 2 -adrenergic receptors, but their role in distributing flow across the ventricular wall independently of cardiac metabolic and mechanical factors that influence coronary resistance is unknown. We studied the working heart of open-chest dogs and measured blood flow with radioactive microspheres in four layers across the left ventricular wall before and during /3 2 -receptor activation by intracoronary infusions of salbutamol or isoproterenol. Myocardial fi, receptors were blocked with practolol, and aortic pressure, heart rate, and myocardial oxygen consumption were prevented from changing significantly. /3 2 activation produced a progressively greater increase in flow from the subendocardium to the subepicardium with a decrease in the subendocardial : subepicardial (I:O) ratio from 1.40 to 1.00. Coronary resistance decreased progressively from the subendocardium to the subepicardium. To assess the influence on the above results of the transmural redistribution of flow that normally is developed by myocardial contraction in the working heart, similar experiments were conducted in the empty beating heart. A two-step vasodilation with salbutamol decreased the I:O flow ratio from 1.76 to 1.40 and then to 1.27. Coronary resistance decreased from the subendocardium to the subepicardium during both steps of vasodilation. For comparable increments of flow, the decrease in the I:O flow ratio in the empty beating heart was smaller than that in the working heart. These results indicate that the activation of coronary /i 2 receptors redistributes flow toward the subepicardium by producing a larger vasodilation in this region independently of the metabolic and mechanical influences of heart contraction on coronary resistance. This effect is enhanced in the intact heart by the transmural gradient of resistance to flow produced by cardiac contraction.
THE presence of adrenergic vasodilator ft receptors in the coronary arteries has been demonstrated using isolated strips of coronary smooth muscle (Zuberbuhler and Bohr, 1965) , the arrested heart (Klocke et al., 1965; Gross and Feigl, 1975) , and the beating canine heart (Pitt et al., 1967) . Furthermore, most of the evidence indicates that these receptors are of the ft> type, similar to those found in peripheral blood vessels (Parrat and Wadsworth, 1970; Ross and Jorgensen, 1970; Mark et al., 1972; Nayler and Carson, 1973; Ross, 1974; Gross and Feigl, 1975) . However, it is not known what role the activation or blockade of these receptors plays in distributing flow across the ventricular walls independently of the cardiac mechanical and metabolic factors that normally influence coronary vascular resistance and flow distribution. This is partly because ft 2 activation, or blockade, is usually brought about using nonspecific ft agonists and blockers, and because the concomitant effect of these drugs on ft]-adrenergic receptors modifies the heart rate, ventricular pressure, and coronary driving pressure.
These in turn modify the ventricular transmural flow distribution (Buckberg et al., 1972) . It is also partly because a distributive effect on flow, mediated through ft> receptors in the working heart, would be superimposed on, and probably influenced by, the transmural distributive effect normally produced by the heart contraction . We do not know of any study that has tried to separate these effects.
Accordingly, the present study was designed to determine the effect of coronary ^-receptor activation on transmural coronary flow distribution independently of the mechanical and metabolic influences of heart contraction. For this purpose, the flow distribution across the ventricular wall of the working canine heart was measured with radioactive microspheres before and during coronary dilation induced by ft> agonists, while ft] -adrenergic receptors were blocked with practolol, and heart rate and aortic pressure were kept constant. Furthermore, to assess the influence of the transmural distribution of flow in the working heart on the response to fi> activation, experiments also were conducted on the empty beating heart.
Methods

Working Heart Preparation
Ten mongrel dogs, weighing between 23 and 30 kg, were anesthetized with a mixture of a-chloralose VOL. 46, No. 1, JANUARY 1980 and urethane (23 and 400 mg/kg, iv, respectively) or with sodium pentobarbital (35 mg/kg, iv) . The lungs were ventilated with room air through an endotracheal cannula by means of a Harvard respirator pump. The pump was adjusted to provide arterial blood values between 80 and 120 mm Hg for Po 2 , 35 and 45 mm Hg for Pco 2 , and 7.35 and 7.45 for pH. Both vagosympathetic trunks were cut in the neck, and atropine (1 mg/kg) was administered. Esophageal temperature was measured with a Yellow Springs thermometer and maintained between 36.5 and 37°C by regulating a heating resistance in the surgical table. After a left thoracotomy, a snare was placed around the aorta distal to the left subclavian artery for eventual aortic coarctation to prevent large changes in aortic pressure. Polyethylene catheters were implanted in the left brachial artery and left ventricular cavity for measuring pressures, in the left atrium for the injection of radioactive microspheres, and in the right brachial artery to withdraw a reference sample during the injection of the microspheres. A thin polyethylene catheter was inserted into the left circumflex coronary vein and advanced until the tip was located, by palpation, about 1-2 cm from the coronary sinus to obtain venous blood samples and measure its oxygen content. Atrioventricular conduction was blocked with formaldehyde (Steiner and Kovalik, 1968 ) and the ventricles were paced electrically at a rate of about 100 beats/min through electrodes sutured to the right ventricular wall. Biphasic waves 0.2 msec in duration and between 4 and 9 v in amplitude were used (S88-Grass stimulator). The left circumflex coronary artery was cannulated about 1-2 cm from its origin, and a connection was established between this artery and the left subclavian artery with polyethylene tubing. The cannula implanted in the circumflex coronary artery was 2.4 mm in internal diameter, and the resistance to blood flow was about 0.02 PRU (peripheral resistance units: mm Hg min per ml), as measured in vitro for blood flows between 20 and 200 ml/min. An electromagnetic flow probe (Biotronex BLC-2058) was placed in series in the connecting line. Lateral outlets in the line permitted the measurement of coronary perfusion pressure and the intracoronary infusion of drugs. Pressures were measured with electronic pressure transducers (Statham P23Db), and their signals, together with that of the flowmeter, were recorded on a Beckman type R dynograph. Coronary blood flow per gram of tissue was measured by injecting into the left atrium radioactive microspheres, 15 ju.m in diameter and labeled with l41 Ce, ^Sr, or 4S Sc (3 M Co.), and by collecting a reference flow sample at a rate of 15 ml/min from the brachial artery (Domenech et al., 1969) . The reference sample was started immediately before beginning the injection of the microspheres and was maintained for 90 seconds after finishing the injection. Before the injection, the microspheres were agitated at 40 W for at least 30 minutes (Narda ultrasonic bath) and then placed in a stirring magnetic chamber from which they were flushed into the left atrium. The amount of microspheres injected was enough to obtain at least 500 microspheres in any sample of left ventricular wall in which flow was measured. The amount of microspheres in the reference samples was much higher. This gives an error of measurement of less than 10% for a 95% confidence limit (Buckberg et al., 1971) .
After the surgical procedure, practolol (Imperial Chemical Industries Ltd.) dissolved in 0.5% phosphoric acid in 0.9% saline, was given intravenously in a single total dose of 10 mg/kg; after 20 minutes, a control measurement of coronary flow distribution was made with the microspheres. In four of the dogs, isoproterenol hydrochloride (Winthrop Laboratory) was infused into the coronary perfusing line (at a drug infusion rate that varied between 9 and 16 /tg/min and a volume infusion rate between 0.2 and 0.4 ml/min) until an increase of about 100% in circumflex coronary flow was observed, as measured with the flowmeter, and a second measurement of coronary flow distribution was performed with the microspheres. In four other dogs, a similar procedure was followed, but this time the coronary dilation was induced by the infusion of salbutamol (Glaxo Canada Ltd.) at a rate that varied between 150 and 280 jug/min. In two other dogs, a 2-fold increase in circumflex flow was induced first by the infusion of isoproterenol and then, after the effect of isoproterenol had worn off, by the infusion of salbutamol. Coronary flow distribution was measured with the microspheres before and during each of these procedures. In four of these 10 dogs, a partial aortic coarctation had to be performed with the aortic snare during the infusion of isoproterenol to prevent a decrease in the diastolic aortic pressure of more than 10% from control values. Blood samples for measurement of oxygen content were taken from the catheter implanted in the circumflex coronary vein and from the aorta immediately before the injection of the microspheres. Oxygen consumption was calculated by multiplying coronary flow, as measured with the flowmeter, by the coronary arteriovenous difference of oxygen.
After the experiments, the heart was excised and the circumflex artery perfused through the implanted cannula with a solution of Evans blue in saline at a pressure of about 100 mm Hg to outline the territory irrigated by this artery. Three to six samples of the left ventricular wall were taken well inside the border of the stained area. Each sample was split in four layers across the wall thickness. Each layer was weighed, and its y radioactivity, and that of the blood collected from the reference samples, were measured separately in a three-channel automatic y counter (Intertechnique GC-30). The radioactivity for each of the radioisotopes was ob-tained according to the method of Rudolph and Heyman (1967) , using a mini-computer (Intertechnique Multi-20) attached to the counter. Coronary flow per gram of tissue was calculated by multiplying the reference flow rate by the ratio of radioactivity per gram of tissue in a particular sample to the radioactivity in the reference flow (Domenech et al., 1969) . The results from the various samples of the left ventricular wall were pooled. Coronary resistance (PRU) was calculated as the ratio of mean aortic pressure to flow per 100 g of myocardium.
Empty Beating Heart Preparation
In six dogs, anesthetized with sodium pentobarbital (35 mg/kg, iv), the thorax was opened by a middle sternotomy while the lungs were ventilated with room air by means of a pump. Atrioventricular conduction was blocked with formaldehyde and the heart paced electrically at 100 beats/min. The coronary vessels were perfused by the Langendorf technique with fresh blood of a mean final hematocrit of 42% (range, 39-46%). For this purpose, polyethylene cannulas with several lateral holes were implanted in the right and left ventricular cavities to drain them. A third cannula was placed in the brachiocephalic trunk and connected to an elevated blood reservoir. The coronary perfusion pressure in the root of the aorta was measured with a catheter implanted through the left subclavian artery and connected to a pressure transducer (Statham P23Db). After we had ligated the pulmonary artery trunk, the aorta distal to the left subclavian artery, both vena cava, and the azygos vein, perfusion from the reservoir was started and the perfusion pressure adjusted to about 90 mm Hg by adjusting the height of the reservoir. The temperature of the blood was maintained at 37°C by means of a heat exchanger in the infusion line close to the cannula in the brachiocephalic trunk. The drainage from the ventricular cavities was directed into a disc oxygenator from which the blood was pumped back into the reservoir (Sigmamotor digital pump). The disc oxygenator was ventilated with a mixture of O 2 (97%) and CO 2 (3%). Total coronary blood flow was measured with an electromagnetic flowmeter through a cannulating flow probe (Biotronex Laboratory) implanted in the perfusing line. In none of the experiments did the drainage from the left ventricular cavity exceed 4% of that from the right one, and, therefore, no substantial aortic insufficiency existed. After the surgical procedure, practolol was added to the blood reservoir in an amount sufficient to attain a calculated final concentration of 10~5 M in the perfusing blood volume. After 20 minutes of equilibration, a control measurement of flow distribution was performed by injecting microspheres into the perfusion line. Then salbutamol was infused at a rate of 60 /xg/min until coronary flow, as measured with the flowmeter, approxi-mately was doubled, and a second injection of microspheres was performed. In four of the dogs, a third injection of microspheres was made during a further vasodilation obtained with a more prolonged infusion of salbutamol. The adequacy of mixing of microspheres in the aortic arch was checked for nine injections of microspheres in three of these dogs by taking a reference sample from the aortic arch at the time of the injections and computing coronary flow from this sample. The flow so computed differed by less than 10% from the values obtained by direct measurement of coronary venous return to the right ventricle. In five of the dogs, samples of blood from the perfusing line and from the right ventricular catheter were obtained immediately before the injection of the microspheres to measure its oxygen content. The oxygen consumption of the heart was calculated by multiplying the coronary arteriovenous difference of oxygen content by the total coronary blood flow as measured with the flowmeter.
After the experiments, five to seven samples of the left ventricular wall were cut off and split into four layers across the thickness. The radioactivity of these samples and that of the rest of the heart was measured as described above. Flow per gram of tissue to any particular sample was calculated by multiplying its radioactivity per gram of tissue by the ratio of total coronary flow (flowmeter) to the total radioactivity of the heart. In each dog, the results of the various ventricular samples were pooled. Coronary resistance (PRU) was calculated as the ratio between perfusion pressure and flow per 100 g of myocardium.
Student's t-test for paired and unpaired data or analysis of variance was used, where appropriate, to assess statistical significance of the difference in response (Snedecor and Cochran, 1967) . We accepted P < 0.05 as indicating significant differences. Table 1 shows the hemodynamic and left ventricular oxygen consumption data before and during intracoronary infusions of salbutamol or isoproterenol in 10 dogs with ySi-adrenergic receptor blockade previously accomplished with practolol. The hearts were paced electrically, and changes in aortic pressure were minimized by partial occlusion of the descending aorta. The only significant hemodynamic change (paired t-test, P < 0.05) was a mean decrease of 7 mm Hg in diastolic aortic pressure during the administration of isoproterenol. No significant changes in left ventricular oxygen consumption occurred during coronary ($ 2 activation with isoproterenol. Among the dogs in which the activation was produced with salbutamol, we were able to measure left ventricular oxygen consumption in only two, due to technical difficulties; how- ever, no substantial changes occurred in these two experiments either (in one dog it changed from 7.98 to 7.78 ml/min per 100 g and, in the other, from 8.34 to 8.41 ml/min per 100 g). Table 2 shows the effect of the infusions of salbutamol and isoproterenol on coronary blood flow distribution across four layers of the left ventricular wall irrigated by the circumflex coronary artery in the same dogs. During the infusion of the drug, mean flow across the wall increased by 91% and 110% with salbutamol and isoproterenol, respectively. Flow increased to all the layers but by a progressively greater amount from subendocardium to subepicardium both with salbutamol (analysis of variance, P < 0.025) and with isoproterenol (analysis of variance, P < 0.05). The percent increase was 63% in the inner layer and 148% in the outer layer, with the consequent decrease in the inner:outer flow ratio (1:0) from 1.49 to 1 with both drugs (paired t-test, P < 0.001), showing a redistribution of flow toward the subepicardium. Figure 1 (left side) illustrates the effect of the /8 2 -receptor activation on the transmural flow. Figure 2 (left side) shows the effect of the activation on coronary resistance across the ventricular wall. The resistance decreased by a progressively greater amount toward the subepicardium with both drugs (analysis of variance, P < 0.001 for salbutamol and P < 0.025 for isoproterenol). Since the effects were similar for both drugs, they were considered as one group in these figures. Table 3 shows the effect of the administration of salbutamol on coronary flow distribution and myocardial oxygen consumption in the left ventricular wall of the beating nonworking heart after /?i-adrenergic blockade with practolol. Coronary perfusion pressure and heart rate were kept constant. No changes in myocardial oxygen consumption were observed. During the two steps of vasodilation, mean flow across the wall increased by 96% and 139%, respectively. Although the increments were slightly greater in the middle layers, an analysis of variance showed no significant differences in the absolute flow changes between the four layers for both steps of vasodilation. This is illustrated in Figure 1 fractional increments in the outer layer, since this layer started from a smaller value of control flow. Thus, flow increased by 60% in the inner, compared with 101% in the outer, layer during the first step of vasodilation and by 93% in the inner, compared with 167% in the outer, layer during the second step of vasodilation. Accordingly, the 1:0 flow ratio decreased during both steps of vasodilation from 1.76 to 1.40 (paired <-test, P < 0.02) and then to 1.27 (paired £-test, p < 0.05), indicating a redistribution of flow toward the subepicardium. Figure 2 (right side) shows the effect of the /? 2 -receptor activation on coronary resistance across the left ventricular wall. The resistance decreased by a progressively greater amount from the subendocardium to the subepicardium during both steps of vasodilation (analysis of variance, P < 0.001 for both steps). The decrease in the 1:0 flow ratio during the first step of vasodilation was significantly less (nonpaired ttest, P < 0.05) than that observed in the working VOL. 46, No. 1, JANUARY 1980 heart for a similar degree of mean flow increment (96% and 100%, respectively), revealing a comparatively smaller deviation of flow toward the subepicardium in the empty beating heart.
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The purpose of this research was to determine the direct effect of coronary /8 2 -adrenergic receptor activation on the ventricular transmural distribution of coronary blood flow. For this purpose, it was necessary to avoid changes in the metabolic rate of the heart and in the mechanical variables that influence transmural perfusion; e.g., coronary perfusion pressure, ventricular pressure, and diastolic duration (Buckberg et al., 1972) . The control of these variables and the fi\-receptor blockade were performed with this intention. Besides, salbutamol, a selective /82-receptor agonist which, as compared to isoproterenol, has a potency ratio of 1:54 to 1: 8000 at /^-receptor sites (Cullum et al., 1969; Farmer et al., 1970) , was also used in these experiments to minimize further the possibility of /?! -receptor activation. The absence of significant changes in systolic aortic pressure and left ventricular oxygen consumption during the activation of coronary /? 2 receptors, in the present experiments, confirms the effectiveness of the /8i-receptor blockade.
According to the previous considerations, the changes in flow produced by isoproterenol and salbutamol in this study were due to the direct effect of the drugs on the coronary vessels and confirm the existence of /?2-adrenergic vasodilatory receptors in the coronaries, as previously reported by several workers (Pitt et al., 1967; Parrat and Wadsworth, 1970; Ross and Jorgensen, 1970; Mark et al., 1972; Nayler and Carson, 1973; Ross, 1974; Gross and Feigl, 1975) . The results of the present study, however, show that the activation of these receptors produces a larger decrease in resistance in the outer than in the inner layers of the left ventricular wall (Fig. 2) , with a consequent redistribution of flow toward the subepicardium, as revealed by the decrease in the 1:0 flow ratio in all the experiments. In order that this result actually may represent less vasodilation in the subendocardium than in the subepicardium, it is necessary that the vasodilatory reserve of the subendocardium does not become exhausted during the induced vasodilation. This seems to be the case in the present experiments, since only a 60% increase in subendocardial flow was induced in the working and nonworking hearts, a change that is well below a 3-to 5-fold increase in subendocardial flow that is observed during maximal vasodilation induced by reactive hyperemia (Hess and Bache, 1976) . Besides, in the empty beating heart, the presence of subendocardial vasodilatory reserve, in spite of the vasodilation by salbutamol, is shown by the further increase in subendocardial flow when the infusion rate of the drug was increased.
The differential effect of /^-receptor activation in decreasing coronary resistance across the ventricular wall was more marked in the working than in the nonworking heart, as is illustrated by the greater decrease in the 1:0 flow ratio in the working heart than in the empty beating heart for similar increments in total flow to the ventricular wall. This difference in response can be explained on the basis of the gradients of resistance to flow that normally exist across the left ventricular wall of the working heart. During systole, subendocardial flow is more impeded than is subepicardial flow, and a relative flow deficit is established in the subendocardium. This deficit is compensated during diastole by a transmural gradient of vasodilation that increases toward the subendocardium and that is produced by the metabolic autoregulation of the coronary vascular resistance (Moir, 1972) . The net effect is a slight gradient of mean transmural flow falling from subendocardium to subepicardium. Coronary dilation induced by a drug would therefore be expected to compromise the normal compensatory gradient of vasodilation during diastole, and flow will be deviated partially toward the subepicardium. For a given degree of vasodilation induced by the drug, the transmural deviation of flow will depend on the magnitude of the preexisting gradient of compensatory vasodilation. It also would be expected that, during systole, a deviation of flow toward the subepicardium would occur, since the drug will dilate subepicardial but not the subendocardial vessels that are compressed mechanically. These effects will be reflected in a decrease of the mean transmural flow gradient. We previously reported a similar effect produced by the intracoronary administration of dipyridamole in the working heart during a constant coronary perfusion pressure and heart rate (Domenech and Goich, 1976) . This mechanism also seems to be partially responsible for the obliteration of the transmural flow gradient during coronary dilation produced by ischemia, as shown by Bache et al. (1977) . On the other hand, these mechanisms would not operate in the empty beating heart, since in this experimental condition the influence of cardiac contraction on the transmural distribution of flow is abolished, as have demonstrated.
The pattern of transmural vasodilation produced by /? 2 -receptor activation in the empty beating heart does not allow us to obtain a definite conclusion on the distribution of /?2 receptors across the ventricular wall. For such a conclusion to be reached from flow distribution data, it is necessary to have a better knowledge of the density, geometry, and wall structure of the resistance vessels across the ventricular wall, since the response in terms of flow or resistance depends on the transmural distribution of these features of the effectors, as well as on the distribution of the receptors themselves. However, assuming that the structure and density of these vessels is similar across the wall, or even that their density is greater in the subendocardium than in the subepicardium, as is the case for capillaries (Myers and Honig, 1964; Winbury and Weiss, 1974) , our results suggest that the density of coronary /? 2 receptors decreases from the subepicardium to the subendocardium.
The physiological significance of the response of /? 2 -coronary receptors to sympathetic stimulation (Hamilton and Feigl, 1976 ) is still uncertain. Nevertheless, our results may help in the explanation of the transmural flow redistribution produced by exogenous activation or blockade of /? 2 -coronary receptors. Thus, isoproterenol produces severe subendocardial damage at smaller doses than do other catecholamines (Chappel et al., 1959) . Presumably, this effect is due largely to the increase in myocardial oxygen consumption and decrease in the diastolic pressure-time index produced by the drug with the consequent decrease in the supply:demand ratio of oxygen (Buckberg and Ross, 1973) . This alteration produces preferential subendocardial ischemia, especially after maximal vasodilation is attained in this region. However, isoproterenol can also decrease the 1:0 flow ratio in the absence of significant changes in heart rate and aortic systolic and diastolic pressures, the variables on which the supply:demand ratio depends (Becker et al., 1975) . Our results confirm this effect and suggest that the redistribution of flow toward the subepicardium produced by the direct effect of the drug on coronary vessels is a contributing factor in the pathogenesis of subendocardial necrosis produced by isoproterenol. Conversely, it has been reported that propranolol produces a redistribution of flow toward the subendocardium in the normal and ischemic myocardium (Moir and DeBra, 1967; Becker et al., 1971; Gross and Winbury, 1973) ; however, it is not known whether this is due to a differential /? 2 -receptor blockade across the wall or is mediated through the hemodynamic changes, mainly bradycardia, brought about by the /?i-receptor blockade produced by the drug. Becker et al., (1971) found no significant correlation between the decrease in heart rate and the increase in the 1:0 flow ratio produced by propranolol administration. On the other hand, in a study by Gross and Winbury (1973) , it is concluded that the decrease in heart rate is an important factor in the transmural redistribution of flow, but probably through an indirect mechanism; these authors postulate that when myocardial metabolism is reduced by /? blockade, the arteriolar resistance of the subendocardium would change little because of the low Po 2 in this region, whereas the subepicardial arteriolar resistance would increase as a result of autoregulation. This change in the ratio of subepicardial:subendocardial resistance would favor the perfusion of the subendocardium. However, in the normal myocardium, there is no maximal subendocardial vasodilation, and /? block-ade redistributes flow toward the subendocardium, in spite of the fact that the Po 2 increases in the subendocardium and remains unchanged or even decreases in the subepicardium, as Winbury et al. (1971) have shown. These data are compatible with a direct and different effect of the drug on the resistance vessels across the ventricular wall, superimposed on the autoregulation, producing a greater vasoconstriction in the subepicardium. The results here presented of a differential transmural effect on flow of /? 2 -receptor activation support this idea.
In summary, the present results indicate that the activation of /? 2 -coronary receptors redistributes flow toward the subepicardium by producing a larger vasodilation in this region. This effect is enhanced in the intact heart by the presence of the transmural gradient of resistance to flow.
